Metal-doped carbons for environmental remediation by Amaral Andrade, Marta
  1 
 
Materiales en Adsorción  
y Catálisis 
 
Número 4. Septiembre 2012 
Revista del Grupo Especializado de Adsorción de la RSEQ 
 
 
Editores  
 
Conchi Ania, Instituto Nacional del Carbón (CSIC), Oviedo.  
conchi.ania@incar.csic.es 
Sofía Calero, Universidad Pablo de Olavide, Sevilla.  
scalero@upo.es 
Joaquín Silvestre-Albero, Universidad de Alicante.  
joaquin.silvestre@ua.es 
Teresa Valdés-Solís, Instituto Nacional del Carbón (CSIC), Oviedo.  
tvaldes@incar.csic.es 
 
ISSN: 2173-0253 
 
Materiales en Adsorción y Catálisis   Núm. 4  Septiembre 2012 
 
 24 
Espacio Predoc… un lugar donde los investigadores 
predoctorales muestran el resultado de sus investigaciones.   
Metal-doped carbons for environmental remediation  
Marta Amaral Andrade 
Departamento de Química e Bioquímica and CQB, Faculdade de Ciências da  
Universidade de Lisboa, Lisboa, Portugal 
mvandrade@fc.ul.pt 
 
Pharmaceuticals and personal care 
products (PPCPs) are an important class 
of emerging contaminants, 
corresponding in most cases to 
unregulated compounds that have 
recently been detected in the 
environment [1]. 
This class of compounds comprises a 
diverse group of chemicals including, 
but not limited to, prescription and 
over-the-counter human medicines, 
veterinary drugs, diagnostic agents, 
nutritional supplements and other 
consumer products such as fragrances, 
cosmetics, and sun-screen agents, as 
illustrated in the pictorial 
representation in Figure 1. 
Figure 1. PPCPs in the aquatic 
environment. 
 
PPCPs pose a growing environmental 
concern, because of their high 
consumption worldwide, since they are 
continually introduced into the aquatic 
environment and are found in 
considerable concentrations [2,3].  
Caffeine and acetaminophen are two of 
the most representative compounds of 
this new class of contaminants. 
Caffeine is ranked as the number one 
drug worldwide, with a massive 
production of hundreds of tons, 
whether in the form of beverages or 
combined with analgesics in order to 
enhance their effect. It is also a 
component of hundreds of prescription 
drugs, ranging from analgesics to cold 
medicines. Acetaminophen is one of 
the most consumed pharmaceuticals in 
the world. It is a widely used analgesic 
and antipyretic compound commonly 
used for the relief of fever, headaches 
and other minor aches and pains, being 
a major ingredient in numerous cold 
and flu remedies [4].  
Conventional water treatment 
processes are not effective for the 
elimination of most PPCPs from 
wastewater, so alternative strategies 
for the removal of these pollutants are 
needed [5]. Activated carbon 
adsorption, ozonation or advanced 
oxidation, and membrane separation 
are promising advanced treatment 
processes that are capable of removing 
many of the PPCPs commonly found in 
wastewaters. 
Due to their versatility, activated 
carbons have been studied not only as 
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adsorbents, but also as catalysts and 
catalyst supports in many different 
purposes, such as the removal of 
pollutants from gaseous and liquid 
phases, and for the purification or 
recovery of chemicals [6,7]. 
However, the widespread use of 
commercial activated carbons in 
advanced water treatments is limited 
due to high associated costs. In this 
sense, the use of alternative 
inexpensive precursors, such as waste 
materials, for the preparation of 
activated carbon is an interesting 
strategy from the point of view of 
obtaining high performance low cost 
materials [8]. This approach also 
enables to deal with the problem of 
waste disposal and recycling, since 
rising worldwide concerns on 
environmental pollution have also 
urged the development of new 
alternatives for the disposal of wastes 
complying with current environmental 
regulations.  
In addition, the incorporation of 
transition metals with catalytic activity 
on the surface of activated carbons is a 
powerful synthesis tool which can offer 
great possibilities in the preparation of 
selective adsorbents and/or more 
efficient catalysts for processes of 
environmental remediation [9-11], in 
particular in the adsorption and/or 
degradation of contaminants. The 
incorporation of the metallic species on 
the surface of activated carbons may 
enhance the performance of these 
materials, favoring the development of 
the microporosity, adsorptive 
selectivity or catalytic activity. 
The aim of the present study was to 
explore the preparation and 
characterization of metal-doped 
activated carbons obtained from low 
cost industrial waste resulting of sisal 
ropes manufacture process and the 
evaluation of their ability to integrate 
advanced technologies for water 
treatment [12-14]. Sisal is one of the 
most widely used natural fibers, 
obtained from the leaves of sisal 
(Agave sisalana), an autoctone plant 
from Mexico (Figure 2), with an annual 
world production of over 250 
thousands of tons. This industry 
produces quite a large amount of 
residues that are frequently either 
recycled for the production of low 
quality ropes or used as fuel.  
 
 
Figure 2. Agave sisalana (sisal) natural 
plant and processed fibers, used as 
precursor in the synthesis of carbon-
based adsorbents and catalysts.  
 
The metal active phase initially chosen 
was copper, which was introduced 
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during the carbon preparation process 
(involving a single heat treatment). The 
metal-loaded carbons were prepared 
by a wet impregnation technique using 
an aqueous solution of a copper salt 
and K2CO3 and activated at 700 °C, 
under nitrogen flow for 1h. After the 
activation, samples were washed with 
distilled water until pH 7 and dried at 
100 °C. The copper-doped samples are 
designated as SAC1 and SAC5 
(according to the wt.% of copper used 
in the impregnation). A blank sample of 
the metal-loaded carbons was also 
prepared by activation only with K2CO3 
(sample SAC). These materials were 
characterized by N2 adsorption 
isotherms at -196 °C. The nanotextural 
characterization was complemented by 
CO2 adsorption at 0 °C. The morphology 
of the samples and dispersion of the 
metallic particles was observed by 
scanning and transmission electron 
microscopies.  
The nitrogen adsorption-desorption 
isotherms displayed in Figure 3 
reveal the essentially microporous 
nature of the synthesized carbon 
materials. The main textural 
parameters are presented in Table 1.  
Sample SAC presents a well 
developed microporosity; a decrease 
in the apparent surface areas for the 
copper-doped carbons compared to 
the undoped SAC sample seems to be 
related to the copper content used in 
the impregnation step, and could 
reflect a mass effect. The results of 
the microporous size distribution are 
presented in Figure 4. All the samples 
showed a maximum centered around 
the same value (ca. 0.7 nm), although 
SAC1 and SAC5 presented a 
somewhat narrower distribution 
than the undoped sample. The wider 
distribution of SAC can be 
understood in terms of its higher 
amount of larger micropores.  
Table 1. Main textural parameters of 
the activated carbons obtained from 
gas adsorption data. 
 
Sample SAC SAC1 SAC5 
ABET (m
2
g
-1
) 951 869 654 
Vtotal
1
 (cm
3
g
-1
) 0.43 0.39 0.30 
Vmeso 
2
(cm
3
g
-1
) 0.01 0.01 0.01 
Vαtotal 
3
(cm
3
g
-1
) 0.42 0.38 0.29 
Vαultra 
3
(cm
3
g
-1
) 0.22 0.28 0.21 
Vαsuper 
3
(cm
3
g
-1
) 0.20 0.10 0.08 
VDR N2 
4
(cm
3
g
-1
) 0.41 0.39 0.29 
VDR CO2 
4
(cm
3
g
-1
) 0.38 0.45 0.42 
1-Evaluated at p/p
0
=0.97; 2- Difference 
between Vtotal and Vαtotal; 3- Calculated by the 
αS method using the reference isotherm 
reported in [15]; 4- Evaluated from the 
Dubinin-Raduskevich (DR) equation [16]. 
Figure 3. Nitrogen adsorption-
desorption isotherms at -196 °C 
(open/closed symbols indicate 
adsorption and desorption points, 
respectively). 
 
The SEM images of the pristine residue 
(sisal) and prepared carbons after the 
pyrolysis and activation treatments are 
presented in Figure 5. 
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Figure 4. Micropore size distribution 
obtained from the CO2 adsorption data, 
according to the method described in 
[17]. 
 
The images clearly show that the 
activation with K2CO3 (Fig. 5b), caused a 
severe damage to the fibers of the 
carbon precursor and the characteristic 
fiber shape was no longer preserved 
after the activation, likely due to the 
exfoliation of the material surface by 
the activating agent. The carbons show 
the presence of several particles of 
different sizes, some of them still 
resembling the pristine fibrous 
morphology. No visual signs of copper 
particles were images obtained for the 
cooper-doped observed in the SEM 
images of the doped- carbon, 
suggesting a homogeneous metal 
distribution of small nanosized 
particles, further confirmed by the EDX 
mapping data for copper (Fig. 5 e, f). 
Moreover, the XRD patterns of samples 
SAC1 and SAC5 indicated the presence 
of Cu° (metallic) in the carbon matrix. 
These activated carbons were applied 
on the removal of target pollutants 
such as caffeine and acetaminophen.  
 
Figure 5. SEM images: a) lignocellulosic 
precursor (sisal); b) carbon SAC; c) 
carbon SAC1; d) carbon SAC5; e) EDX 
mapping of Cu for SAC1; f) EDX 
mapping of Cu for SAC5. 
 
Adsorption kinetic studies were made, 
determining the residual concentration 
of the solutes by UV–visible 
spectrophotometry at the wavelength 
corresponding to the maximum 
absorbance: 273 nm for caffeine and 
243 nm for acetaminophen. Equilibrium 
adsorption studies were measured at a 
contact time of 16 hours, according to 
the kinetic studies; the concentration of 
caffeine and acetaminophen remaining 
in solution at equilibrium (Ce) was 
determined and the uptake (qe) was 
calculated. The concentration decay 
curves of the sisal-based carbon 
adsorbents for the two compounds 
studied were rather similar (Figure 6). 
Pseudo-first and pseudo-second order 
kinetic models [18] were applied to the 
experimental data. The fitting results 
clearly show that the adsorption of 
a 
a) b)
c) d)
e) f)
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caffeine and acetaminophen onto the 
activated carbons obey to the pseudo-
second order equation. The kinetic 
parameters are presented in Table 2.  
Table 2. Pseudo-second order 
parameters for the obtained samples at 
30 °C, C0=120 mg dm
-3. k2- pseudo-
second order rate constant, h- initial 
adsorption rate, t1/2- half-life time. 
 
Caffeine 
 SAC SAC1 SAC5 
k2 
(gmg-1h-1) 
0.08 0.04 0.06 
R2 0.998 0.998 0.998 
h 
(g mg-1h-1) 
1667 833 833 
t1/2 (h) 0.086 0.179 0.146 
*re (%) 76 83 66 
Acetaminophen 
 SAC SAC1 SAC5 
k2 
(gmg-1h-1) 
0.15 0.23 0.15 
R2 0.999 0.944 0.997 
h 
(g mg-1h-1) 
3333 5000 2000 
t1/2 (h) 0.044 0.030 0.060 
*re (%) 82 82 67 
0 ,*
0
100
i calcC C
re x
C  
The removal efficiencies obtained for 
samples SAC and SAC1 for caffeine and 
acetaminophen are of about 80 %, 
while for sample SAC5, this value 
decreased to less than 70 %. No 
significant difference for this parameter 
is observed when comparing caffeine 
and acetaminophen removal for all the 
samples. From the results presented in 
Table 2 it is possible to conclude that 
for caffeine, sample SAC presents 
higher values of k2 and h than samples 
SAC1 and SAC5, which is in accordance 
with the larger volume of 
supermicropores that would allow an 
easier diffusion towards the adsorption 
active sites. The caffeine and 
acetaminophen adsorption isotherms 
(not shown) at 30 °C for the three 
samples showed a similar tendency 
than the previous kinetic studies.  
 
Figure 6. Concentration decay curves 
for caffeine and acetaminophen for the 
series of studied carbons. 
 
Concerning acetaminophen adsorption, 
samples SAC and SAC1 have a similar 
performance, reaching an adsorption 
capacity much higher than that for 
sample SAC5. These results reflect the 
similar and higher microporous volume 
for the first two samples than for SAC5. 
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For caffeine adsorption, the 
incorporation of copper seems to affect 
the retention ability even at short 
times, since the rate of adsorption of 
samples SAC and SAC1 does not 
superimpose. Nevertheless, the 
maximum uptake after 6-8 hours is 
practically the same for both samples. 
Similarly to the behavior observed for 
acetaminophen, the maximum caffeine 
uptake for SAC5 was comparatively 
much lower, which can be explained by 
the loss in textural features (Table 1) by 
the incorporation of a higher copper 
loading.  
Summarizing, in the undergoing study a 
series of copper-doped carbon 
adsorbents have been synthesized 
using a lignocellulosic residue as carbon 
precursor. A fine control of the 
synthesis conditions allowed to obtain 
a homogeneous dispersion of the 
metallic function within the carbon 
matrix, coupled with a well developed 
porous structure. The kinetic and 
equilibrium data obtained showed that 
the incorporation of small amounts of 
copper does not lead to a decrease in 
the adsorption performance of the 
doped carbons, pointing out that these 
copper-doped adsorbents can be 
considered as potential catalysts for the 
degradation of PPCPs.  
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